To provide new preclinical evidence toward improving the efficacy of oxytocin (OT) in treating social dysfunction, we tested the benefit of administering OT under simultaneously induced opioid antagonism during dyadic gaze interactions in monkeys. OT coadministered with a μ-opioid receptor antagonist, naloxone, invoked a supralinear enhancement of prolonged and selective social attention, producing a stronger effect than the summed effects of each administered separately. These effects were consistently observed when averaging over entire sessions, as well as specifically following events of particular social importance, including mutual eye contact and mutual reward receipt. Furthermore, attention to various facial regions was differentially modulated depending on social context. Using the Allen Institute's transcriptional atlas, we further established the colocalization of μ-opioid and κ-opioid receptor genes and OT genes at the OT-releasing sites in the human brain. These data across monkeys and humans support a regulatory relationship between the OT and opioid systems and suggest that administering OT under opioid antagonism may boost the therapeutic efficacy of OT for enhancing social cognition.
To provide new preclinical evidence toward improving the efficacy of oxytocin (OT) in treating social dysfunction, we tested the benefit of administering OT under simultaneously induced opioid antagonism during dyadic gaze interactions in monkeys. OT coadministered with a μ-opioid receptor antagonist, naloxone, invoked a supralinear enhancement of prolonged and selective social attention, producing a stronger effect than the summed effects of each administered separately. These effects were consistently observed when averaging over entire sessions, as well as specifically following events of particular social importance, including mutual eye contact and mutual reward receipt. Furthermore, attention to various facial regions was differentially modulated depending on social context. Using the Allen Institute's transcriptional atlas, we further established the colocalization of μ-opioid and κ-opioid receptor genes and OT genes at the OT-releasing sites in the human brain. These data across monkeys and humans support a regulatory relationship between the OT and opioid systems and suggest that administering OT under opioid antagonism may boost the therapeutic efficacy of OT for enhancing social cognition.
oxytocin | opioid antagonist | naloxone | OXTR | OPRM1 T he efficacy of oxytocin (OT) in improving social abilities is under debate, largely due to frequently observed weak effect sizes and problems with replicability (1-3). Clinical trials of OT in autistic patients are ongoing, yet several studies have produced inconclusive results (4-8), demanding improvements to the efficacy and reliability of OT-based therapeutics. One strategy is to take advantage of existing physiological pathways in the brain that regulate OT activity to combinatorially enhance the oxytocinergic effects on social functions. In this regard, a promising candidate is the opioid system.
In addition to the evolutionarily conserved OT system (9), the opioid system has been implicated in regulating social behavior. Excessive opioid activity in the brain has been discussed with respect to the development of early childhood autism (10) . Abnormalities in central opioid levels have been observed in some individuals with autism, and clinical trials with predominantly μ-opioid blockers, such as naltrexone or naloxone (NAL), have yielded promising results in ameliorating both social and nonsocial deficits (11) . Specifically, μ-opioid receptors have been studied in relation to reward, emotion, and behavior in the social domain (12) and are strongly expressed in reward-related regions of the primate brain (13) . In rhesus macaques, carrying the G allele of the μ-opioid receptor gene OPRM1, compared with homozygous C alleles, is associated with stronger maternal attachment in infants (14) and more effective prevention of infant separation in mothers (15) . Additionally, opioid agonists, such as morphine, decrease physical contact between social partners, whereas NAL administration increases solicitation for social contact, such as grooming and proximity (16) (17) (18) (19) .
The physiological relationship between the opioid and OT systems has been firmly established (20) . Opioids directly inhibit OT secretion in mammals through action in the posterior pituitary and the hypothalamus (21, 22) . Opioids not only inhibit OT release from the axon terminal in the posterior pituitary but also suppress the functional activity of OT neurons via opioid action on their cell bodies in the hypothalamus (23, 24) . The chronic administration of morphine, a prototypical μ-opioid receptor agonist, also influences both the synthesis and secretion of OT (25) . Despite the similar synthesis location of OT and vasopressin in the magnocellular neurons of the hypothalamus (21) , opioids selectively regulate release of OT rather than vasopressin (22) . Supporting this dissociation, endogenous opioid inhibition triggers central OT, but not vasopressin, release (26) , and the highaffinity μ-opioid receptor antagonist NAL strongly drives OT, but not vasopressin, release from the posterior pituitary (22) . Furthermore, during parturition, endogenous opioids control the release of OT both into blood and the brain in a tightly coordinated manner (26) . Enhancing opioidergic tone with morphine severely delays the course of parturition, accompanied by a reduced level of circulating OT, whereas attenuating opioidergic tone with NAL acutely increases the speed of parturition by greatly elevating OT levels, reversing this delay (27) (28) (29) . Similarly, the inhibition of OT secretion from neural tissues by morphine underlies the mechanism by which morphine disrupts milk ejection in lactation (30, 31) .
Exploiting the regulatory relationship between the opioid and OT systems in the brain, we tested here whether administering OT
Significance
In the past decade, there has been an increase in studies using oxytocin (OT) for improving social cognition, but results have been inconsistent. In this study, we took advantage of the physiological relationship between the opioid and OT systems and tested the benefit of administering OT under simultaneously induced opioid antagonism during dyadic gaze interactions. Coadministration of OT and opioid blocker leads to supralinear enhancement of prolonged and selective attention to a live partner and increases interactive gaze after critical social events. Furthermore, we provide neurogenetic evidence in the human brain supporting the interaction between specific opioid receptor genes and the genes for OT processing. Our results suggest a new avenue for amplifying the efficacy of OT in clinical populations.
in the presence of opioid antagonism could effectively promote social behavior. First, using multiple experimental approaches in nonhuman primates, we tested whether coadministration of OT and NAL leads to supralinear enhancement of attention directed to others compared with the summed effects observed from OT or NAL administrated separately, a conservative indicator of the combinatorial benefit. Second, in human brain tissues, we examined the colocalization of the μ-opioid, κ-opioid, and δ-opioid receptor genes with the OT gene, as well as the OT receptor gene, across 190 brain regions to provide the transcriptional correspondence of different types of opioid receptors with OT-secreting cells and OT receptors.
Results
For testing the behavioral impact of combined delivery of OT and NAL, pairs of monkeys sat directly across from each other while the eye positions from both monkeys were simultaneously and continuously recorded (32) (Fig. S1 A and B) . Using a pediatric nebulizer, one of the animals in a given pair received aerosolized drugs intranasally corresponding to one of the four pharmacology conditions: OT [24 international units (IU)], NAL (1 mg), saline (SAL), or the combination of OT (24 IU) and NAL (1 mg) together (OTNAL) (SI Results, NAL Dose-Response Curve and Figs. S1C and S2). Fixation density maps ( Fig. 1 A and  B) show clear effects of OTNAL that encompass an increase in fixations to the eyes with a relative decrease in fixations to the mouth (Fig. 1A) , and those maps suggest a supralinear effect of OTNAL, as shown by an increase in fixations to the eyes after subtracting the effect of OT plus NAL (Fig. 1B) . OTNAL was associated with an increased number of fixations to the face of a conspecific compared with the SAL or OT condition [ Fig. 1C ; F(3,76) = 5.14, P = 0.003 for main effect, P = 0.005 for OTNAL over SAL, P = 0.073 for OTNAL over NAL, P = 0.007 for OTNAL over OT, one-way ANOVA with Tukey-Kramer post hoc tests]. To determine whether the effects of OTNAL were supralinear for the conspecific's face, we directly compared the effects of OTNAL with the added effects of OT and NAL alone over SAL control (i.e., a supralinear effect would be indicated by data points reliably falling above the unity line when the OTNAL effects are plotted on the ordinate as a function of the summed effects of OT and NAL on the abscissa). OTNAL had a larger effect for attention to the face than the added effects of OT and NAL alone [ Fig.  1D ; t(19) = 2.42, P = 0.026, paired-sample t test], with the effect size of OTNAL being correlated with the added effect sizes of OT and NAL alone (r 2 = 0.33, P = 0.008; linear regression). Furthermore, the OTNAL condition was associated with increased frequency of fixations to the eyes of a conspecific compared with the SAL or OT condition [ Fig. 1E ; F(3,76) = 5.87, P = 0.004 for main effect, P = 0.004 for OTNAL over SAL, P = 0.069 for OTNAL over NAL, P = 0.022 for OTNAL over OT], again with a supralinear pattern [ Fig. 1F ; t(19) = 1.94, P = 0.067]. This effect size of OTNAL was also correlated with the added effect sizes of OT and NAL alone (for eyes: r 2 = 0.29, P = 0.014). Critically, both for the face (Fig. S3A ) and for the eyes (Fig. S3B) , we found no significant modulation of fixation duration for any drug condition relative to SAL, indicating that there was no tradeoff between fixation frequency and fixation duration with respect to our observed effects, and that the effects were specific to increasing fixation frequency across all behavioral sessions to both the face and eyes. Additionally, the supralinear effects of OTNAL cannot be explained by a nonspecific increase in arousal, because the total count of fixations in the OTNAL condition was, in fact, not higher than in the SAL, NAL, or OT conditions (all P > 0.05, one-way ANOVA with Tukey-Kramer post hoc tests). Finally, in reference to previous literature documenting the effects of OT in social attention (33, 34) , OT overall increased fixations to the eyes compared with SAL in this real-life dyadic setting [ Fig. 1E ; t(19) = 1.63, P = 0.059, paired-sample t test], although the effect was marginal.
Gaze interactions are by nature dynamic and contingent between interacting agents. Following our pharmacological manipulations, we examined differences in gaze patterns focusing on time periods following mutual eye contact as instances of particular social importance (35) (36) (37) . Following mutual eye contact, only OTNAL strongly increased attention to the conspecific ( Fig. 2A ; P < 0.01, permutation test). In fact, neither OT nor NAL administered alone had a significant effect in increasing attention to the conspecific following mutual eye contact compared with SAL (both P > 0.05, permutation tests). Notably, when comparing the effects of drugs following mutual eye contact, the resulting gaze patterns were again supralinear [ Fig. 2B ; t(19) = 2.88, P = 0.010, paired-sample t test]. We next tested whether the effects of OTNAL were specific to the periods following mutual eye contact as opposed to the periods following looking at the conspecific's eyes when the conspecifics were looking elsewhere than the partner's eyes. Following these instances of nonmutual eye contact, no significant results were observed for any pharmacological manipulation using the identical approach ( Fig. 2C ; all P > 0.05, permutation tests), indicating that the differences observed in the OTNAL condition selectively occurred during time periods of heightened social relevance. These effects were also observed to be specific to the eye region of interest (ROI), because gaze position returning to the mouth ROI after mutual eye contact, as well as after mutual gaze to the mouth of the conspecific, was not significantly affected by any pharmacological manipulation ( Fig. S4 A and B; all P > 0.05, permutation tests).
During social interactions, attention can be allocated differentially between interacting individuals depending on the context. For example, a mutually beneficial event is particularly salient to social species living in large groups like macaques and humans, and such a prioritized behavioral relevance may be a foundational component guiding complex social interactions, such as coordinating with one another to obtain mutual benefits (38) . Given the supralinear effects of OTNAL following mutual eye contact, we hypothesized similar combinatorial effects of OTNAL following mutual reward receipt by manipulating the receipt of mutual juice rewards during gaze interactions (Fig. S1B) . Gaze frequency to the face of the conspecific was only significant in the OTNAL condition ( Fig. 3A ; P < 0.001, permutation test). Notably, these effects were again supralinear following mutual reward for OTNAL 3B ; t(19) = 2.14, P = 0.046, paired-sample t test; r 2 = 0.25, P = 0.023, linear regression]. By contrast, when no reward was delivered to either animal, no modulations in gaze behaviors were found across all conditions ( Fig. 3C ; all P > 0.05, permutation tests), indicating that OTNAL also supralinearly influenced social gaze dynamics following mutually beneficial events.
Across mutual eye contact ( Fig. 2 ) and mutual reward receipt (Fig. 3) , the supralinear effects of OTNAL were driven by the most socially relevant features within the face of the conspecific, depending on the context of a given interactive event. Although the differences in gaze patterns following mutual eye contact in the OTNAL condition were specifically driven by returning gaze to the eye ROI ( Fig. 2A and Fig. S4 ), the differences following mutual reward were specifically driven by attention to the mouth ROI (Fig.  S5) . Therefore, the supralinear effects of OTNAL are selective in that they were exerted by the most relevant features within the face of the conspecific depending on the interactive context.
Although the number of males and females tested in our study is underpowered for fully exploring potential sex difference, when we analyzed fixation frequency to the face (Fig. S6A) and eyes ( Fig. S6B ) over entire behavioral sessions, as well as gaze dynamics to the conspecific following mutual eye contact (Fig. S6C ) and mutual reward (Fig. S6D) , we found no significant effect of sex. Together, these results show that, within our limited sample size, drug effects are observed indistinguishably across both sexes.
We next identified potential brain regions underlying the facilitatory effects of opioid antagonism on OT in the human brain. We examined colocalization of gene expression patterns for the OT gene (OXT); OT receptor gene (OXTR); and μ-opioid (OPRM1), κ-opioid (OPRK1), and δ-opioid (OPRD1) receptor subtypes, using averaged microarray expression data of six postmortem donors from the Allen Human Brain Atlas. Available data included 190 regions containing samples from at least four donors (39) . Transcription of the OXT was most pronounced in 10 regions displaying expression ≥1 SD above the region-wise mean [ Fig. 4A ; lateral hypothalamic area, tuberal region (LHT); paraventricular nucleus of the hypothalamus (PVH); supraoptic nucleus (SO); dorsomedial hypothalamic nucleus; lateral hypothalamic area, anterior region; lateral hypothalamic area, medial region; ventral hypothalamic area, medial region; perifornical nucleus; posterior hypothalamic area; and preoptic region].
Comparing the relative expression of OPRM1, OPRK1, and OPRD1 among the 10 highest OXT-enriched regions responsible for endogenous OT release, we found significant main effects of opioid receptor subtype in each region (statistics are given below for three regions, and statistics for seven regions are given in the legend for Fig. S7 ). In all of these OXT-enriched regions, OPRM1 and OPRK1 displayed significantly greater expression than OPRD1 (Fig. 4B and Fig. S7 ). The effects of opioid receptor subtype were particularly pronounced in the three regions with greatest OXT expression: LHT [F(1,3) = 54.64, P = 0.005 for main effect, P = 0.002 for μ over δ, P = 0.002 for κ over δ, P = 0.691 for μ over κ, one-way withinsubjects ANOVA with Benjamini-Hochberg corrected post hoc tests)], PVH [F(1,4) = 39.05, P = 0.003 for main effect, P < 0.001 for μ over δ, P < 0.001 for κ over δ, P = 0.201 for μ over κ], and SO [F(1,4) = 97.15, P < 0.001 for main effect, P < 0.001 for μ over δ, P < 0.001 for κ over δ, P = 0.005 for μ over κ]. Robust above-average expression of OPRM1 and OPRK1 genes, but not OPRD1, was observed in all 10 OXT-enriched regions (Fig. 4C) . Notably, the expression levels for OPRM1 and OXT in the 10 OXTenriched regions were correlated [r (8) PSTH shows the proportion of looking at the face following a tone predicting mutual reward in SAL (green), OT (blue), NAL (red), and OTNAL (purple) conditions. Reward occurred simultaneously for both monkeys 1.5 s after an unpredictable auditory tone. Horizontal marks indicate 10-ms time bins with significant differences (P < 0.05, OTNAL over SAL, purple; P < 0.01, yellow; paired-sample t tests). (B) Effects size of OTNAL versus the summed effect size of OT and NAL alone for 1.5-3.5 s after tone. (C) PSTH aligned to tones that did not result in reward to either monkey in the same format as in A. No 10-ms time bin for any drug condition was significantly higher than SAL (all P > 0.05, paired-sample t tests).
OPRK1. Taken together, these results indicate the preferential role of μ-opioid and κ-opioid receptor subtypes in OT-secreting brain regions.
Discussion
In this preclinical pharmacological investigation, we report an alternate avenue for amplifying the efficacy of OT in directing selective and prolonged attention to social cues by administering OT under opioid antagonism. The supralinear effects of OTNAL were driven by mutually engaged events (mutual eye contact and mutual reward receipt) and resulted in directing selective attention to socially relevant features (eyes and mouth, respectively). The potential benefit of coadministering OT with NAL is supported by the mechanistic link between the inhibition of opioid processing and increase in OT release from the posterior pituitary (22) , as well as the colocalization of the expressed OT receptor and μ-opioid and κ-opioid receptor genes at the primary OT-releasing sites in the human brain.
Because the opioid system involves at least three principal receptor types (μ-opioid, κ-opioid, and δ-opioid receptors), determining which specific receptor subtypes mediate the effect of endogenous opioids on the OT system is of interest. Bicknell and Leng (40) examined the effects of a range of opioid agonists and antagonists with different relative selectivity toward opioid receptor subclasses on the secretion of OT from the isolated posterior pituitary. The authors reported that NAL, the relatively μ-selective antagonist (41) used in our study, enhanced OT secretion by up to 90%. Douglas et al. (42) showed that in late pregnant rats, endogenous opioids inhibit OT neurons through μ-opioid receptors rather than κ-opioid receptors. Norbinaltorphimine, a specific κ-opioid receptor antagonist, did not increase neuronal activity or affect OT release in the SO, whereas NAL rapidly increased OT secretion (43, 44) and increased neuronal activity in the SO (42) . Our analysis of human brain tissue indicates the colocalization of μ-opioid and κ-opioid receptor genes, but not δ-opioid receptor genes, and OT genes at the OT-releasing sites in the brain, including the SO, PVH, and LHT, but not in other cortical and subcortical regions. Based on NAL's much higher affinity for μ-type than for κ-type (greater than eightfold) and δ-type (>60-fold) receptors (45) , the supralinear results of OTNAL here are likely driven most strongly by the OTsecreting cells expressing the μ-opioid receptor subtypes, as suggested from posterior pituitary as well as lactation and parturition studies (30, 31) . This finding is consistent with the notion that OTNAL is amplifying the known OT effects on social attention associated with systemic OT manipulations, in which the functional specificity is likely to be localized to OT-sensitive brain regions following an enhancement of the oxytonergic tone of the brain. Taken together, these findings suggest that the effects of NAL are likely mediated by inhibition of μ-opioid and possibly also κ-opioid receptors, but not δ-opioid receptors.
We hypothesize that the supralinear effects of OTNAL results from elevations of endogenous OT toward a threshold that allows the brain to engage robustly in social functions. The supralinear effects of OTNAL may be due to simultaneous engagement of feedforward endogenous OT release from neurons with OT receptors (46) , as well as the removal of opioid-mediated inhibition of OT release in OT neurons (27) , resulting in overall higher endogenous OT levels that reach a threshold needed for social functions. Observational studies in patients with autism have shown that administration of an opioid antagonist could decrease self-injurious behavior, stereotypies, hyperactivity, and withdrawal, although increasing verbal production, social communication, proximity seeking, and eye contact (47) (48) (49) (50) . However, in the past decade, there has been a striking reduction in research using opioid antagonists as a means to ameliorate social deficits, whereas there has been a marked increase in studies testing the benefits of OT on social attention, although with inconclusive results. Our results indicate that combined administration of exogenous OT and NAL may improve the efficacy of pharmacological therapies to enhance social functions by leveraging endogenous OT release.
Materials and Methods
All procedures were approved by the Yale Institutional Animal Care and Use Committee and were in compliance with the Public Health Service's Guide for the Care and Use of Laboratory Animals (51).
Behavioral Tasks. Live gaze interaction task. Two animals sat in front of each other with no task constraints while the eye positions of both animals were recorded simultaneously and continuously (Fig. S1A ). Horizontal and vertical eye positions were sampled at 1,000 Hz using two infrared eye monitor camera systems (Eyelink; SR Research). The two monkeys were positioned 62 cm apart from one another, with the top of each monkey's head at 76 cm from the floor. Before starting to record gaze behavior, each animal underwent a systematic calibration procedure (details are provided in SI Materials and Methods, Behavioral Tasks and ref. 32) . During the calibration and until the beginning of each session, the two animals had no visual access to each other, with a screen fully separating the view of both animals. The screen was lifted at the start of each session, marking the beginning of the live gaze interaction task. Each session lasted 3 min, for a total of eight sessions each day, with a 3-min break between sessions with no visual access. One of the two animals in a given pair was administered a drug via nebulizer (details are provided in SI Materials and Methods, Subjects) corresponding to one of the four pharmacology conditions: OT (24 IU), NAL (1 mg), SAL, 
animals (three males and two females) with between three and five distinct conspecifics (total of 20 pairs) participated in all four pharmacology conditions. We collected 640 sessions in total: 32 sessions for each drug condition per subject. Mutual reward task. Animals were placed in the same configuration as in the live gaze interaction task. In this task, two speakers (each speaker located by the chair of each monkey) and two juice tubes, one for each monkey, were added to the setup. An auditory tone was played at random time intervals (between 4 and 16 s). Following the tone, simultaneous juice rewards to both monkeys (0.5 mL) or no rewards to both monkeys could occur at equal probabilities after 1.5 s (Fig. S1B) . Before and between these sessions, an occluder was placed between the animals. Similar to the live gaze interaction task, the eye movements of both animals were completely unconstrained, allowing for examination of naturalistic gaze patterns, and one of the two animals in a given pair was administered one of the four drugs via a nebulizer. Each session lasted 5 min, for a total of four sessions each day, with a 3-min break between sessions with no visual access. A total of five animals (three males and two females) with between three and five distinct conspecifics (total of 20 pairs) participated in all four drug conditions. We collected 320 sessions in total: 16 sessions for each drug condition per subject. The mutual reward task was always performed after the live gaze interaction task, ∼75 min after administration of each drug, and lasted for about 30 min.
Statistical Analysis.
Fixation analyses over entire sessions. Fixations to the defined eye regions were first obtained for each monkey, as were the fixations to the face and total fixations occurring in the setup for the SAL, NAL, OT, and OTNAL drug conditions. Fixations to the eye region and overall face were normalized in the NAL, OT, and OTNAL conditions by the SAL baseline within pairs, and pairs were then averaged within each drug condition (Fig. 1) . These values were compared with a one-way ANOVA (with condition as a factor) and subsequent multiple comparison tests (TukeyKramer post hoc tests). For measures of overall attention to the eyes and face of a conspecific, supralinearity was determined by comparing the effects of OTNAL with the summed effects of OT and NAL alone with a paired-sample t test. Correlation between these two measures was also evaluated via linear regression, with significance determined by an F test for the model. Dynamic gaze analyses. To measure gaze dynamics following mutual eye contact, we identified mutual eye contact events in which both animals initiated eye contact within a window measuring a 7.7°× 3.8°visual angle. A 5-s window after each instance of mutual eye contact was examined to identify when and how long the monkey looked back into the eyes of the conspecific. Similarly, a 4-s window was taken after each tone that eventually predicted mutual reward. These 5-s and 4-s windows were chosen empirically based on the observation that looking behaviors return to a rough baseline, with no significant differences between drug groups observed after these periods (Figs. 2  and 3 ). We used 10-ms bins and created binary datasets to characterize whether the animal was looking at the face of the conspecific within each bin. If a given animal looked back into the face of a conspecific at any time within a given 10-ms bin, that bin was given a value of 1. Otherwise, that bin was given a value of 0. Total amount of return viewing was summed over all instances of mutual eye contact on a given day of testing, normalized by the bin with the highest instance of returning gaze, and then averaged across pairs to compare quantitatively across drug conditions. To analyze differences between drug groups, we first performed t tests to compare values at all bins within the 5-s periods after mutual eye contact. Windows of activity were defined in which gaze behavior between the two groups diverged (500-3,000 ms for mutual eye contact and 1,500-3,500 ms for mutual reward). Significant differences of drug conditions over the SAL baseline within these windows were determined with a permutation test by shuffling the data 1,000 times and randomly assigning the data from each monkey an identity in one of the groups (SAL baseline or a given drug group) being compared in each condition. The data were then averaged and compared, with a discrete value being obtained as the maximum difference between groups in some bin within the defined window. The permutated values were then sequentially ordered for determining threshold values for significance. To determine whether our findings were specific to periods following interactive events, we aligned to nonmutual eye contact and tones after which reward was not administered to either monkey. Analyses identical to those analyses mentioned above were applied.
To test whether discrete areas of the face were driving these differences in each condition, we redefined the ROIs for determining whether or not animals looked back at the conspecific. For mutual eye contact, we conducted two control analyses. The first control analysis retained mutual eye contact events, but instead measured attention to the mouth of the conspecific following eye contact. The second control analysis determined attention to the mouth of the conspecific following simultaneous gaze to the mouth ROI. The mouth region was defined with a window measuring 5.3°× 8.0°visual angle. We then repeated the same analyses as mentioned above for these controls. For mutual reward receipt, we examined the eye and mouth individually to determine what smaller ROIs were driving overall attention to the face. After defining these two new ROIs, analyses identical to those analyses mentioned above were again applied.
When comparing the effects of OT and NAL alone with the OTNAL combination condition, supralinearity was determined by first quantifying the effect sizes for OT, NAL, and OTNAL over the SAL baseline for mutual eye contact and mutual reward events. This quantification analysis was accomplished by searching in our 500-to 3,000-ms window of activity for mutual eye contact and in our 1,500-to 3,500-ms window of activity for mutual reward for the time bin in which OTNAL had a maximal effect over SAL. This effect of OTNAL was then compared with the added maximal effects of the separate OT and NAL conditions over SAL with a paired-sample t test to determine significance. Correlation between these two measures was also evaluated via linear regression, with significance determined by the F test for the model. Human neurogenetics analysis. Six postmortem human brains from the Allen Human Brain Atlas (39) were analyzed and downloaded after updated normalization procedures implemented by the Allen Institute in March 2013. For the mRNA dataset, the data can be downloaded directly from the Allen Brain Atlas (brain-map.org/). Each individual donor's dataset includes normalized microarray expression data (help.brain-map.org/display/humanbrain/ documentation/). Microarray probes without an Entrez ID were not examined. Table S1 . If more than one sample was present in a given region in a given donor, the microarray expression values were averaged.
To identify regions that most express OXT, microarray data for each of the 190 regions were averaged across subjects. Regions falling 1 SD above the z-transformed mean were identified as "OXT-enriched" (Fig. 4 and Figs. S7 and S8). Differences in expression of the μ-opioid (OPRM1), κ-opioid (OPRK1), and σ-opioid (OPRD1) receptor subtypes within each OXT-enriched region were then examined using a within-subject one-way ANOVA (with opioid receptor subtype as a factor) and subsequent multiple comparison tests (false discovery rate Benjamini-Hochberg-corrected). Finally, we examined whether OPRM1, OPRK1, and OPRD1, as well as OXTR, displayed above-average expression within OXT-enriched regions by plotting their region-wise microarray expression values against the microarray expression values of OXT.
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Subjects.
Animals and surgical procedure. Nine adult rhesus macaques (Macaca mulatta) were involved in this study. Animals (six males and three females) were all housed together in a colony in either pairs or triads. Each animal was kept on a 12-h light/dark cycle and had access to food 24 h each day with controlled access to water during testing. Before testing began, each monkey received a surgically implanted head post (Crist Instruments, Gray Matter Research) for restraining its head while tracking eye positions. At the time of surgery, anesthesia was induced with ketamine hydrochloride (10 mg/kg i.m.) and maintained with isoflurane (1.0-3.0%, to effect). Aseptic procedures were used, and heart rate, respiration rate, blood pressure, expired CO 2 , and body temperature were monitored throughout the procedure. Monkeys were allowed an additional 30-40 d of recovery after the implant surgery. All procedures were approved by the Yale Institutional Animal Care and Use Committee and were in compliance with the Public Health Service's Guide for the Care and Use of Laboratory Animals (51). Pharmacological manipulations (nebulized intranasal administration). All of the tested subjects in this study received pharmacological manipulations through a pediatric nebulizer (PARI Baby Nebulizer; PARI Respiratory Equipment) with a cone-shaped facemask. The facemask, designed for canine anesthesia, was fitted entirely over the muzzle area, and the subject breathed freely through the nose for the duration of the dose administration. Before experimental sessions, monkeys were first incrementally habituated to the facemask and then to the nebulizer until they were completely relaxed during the procedure, which typically took about 3-5 d. This habituation procedure was performed with SAL. During both the habituation phase and the testing phase, the animals' heads were restrained to minimize movement and enhance administration reliability. Each of the different pharmacology manipulations tested (discussed below) was diluted to a volume of 2 mL using sterile SAL and was administered over the course of 8-10 min. In addition, experimental sessions were conducted at the same time of day to control for diurnal fluctuations. Behavioral testing began 30 min after each treatment, given that animal studies in both rodents (53) and nonhuman primate (54, 55) have shown central elevations of OT concentration after 30 min from intranasal administration. Finally, we used a within-subjects design so that each animal experienced all drug conditions with a randomized order on consecutive days of administration across animals.
Behavioral Tasks. Calibration procedures for the live gaze interaction task and mutual reward task. We used the same gaze calibration procedures for studying dyadic gaze interactions reported by Dal Monte et al. (32) . Before each experimental session, each of the two animals underwent a systematic calibration procedure. Subjects were required to fixate on a specific point at a specific time to estimate the viewing angle based on a temporarily placed screen (36 cm away from the subject's eyes, located exactly in middle distance between the two subjects). Stimuli were controlled by the Psychtoolbox and Eyelink toolbox in MATLAB (MathWorks) (56) . The identical procedure was repeated for the second animal. For analysis purposes, we also determined where the animal was looking on a theoretical screen located further from the actual screen on which the animal was calibrated. With trigonometric corrections, the ROIs were identified and matched based on individual measurements of each monkey's face to the dimension of fixations as measured from the calibration screen. Fixations were then mapped in detail across the face of the conspecific (32). Free-viewing task. Most studies and clinical applications of NAL have delivered NAL by the i.v., i.m., or s.c. route, with the i.v. route being the recommended route (57) . Recently, the intranasal delivery method has been suggested as a route to administer NAL quickly in a needle-free system (58) . It has been shown that the same dose of intranasal NAL is as effective as i.v. NAL in reversing effects on the central nervous system caused by opioid overdose in humans (59) . Similarly, in rodents, the absorption of NAL through the nasal route has been found to be equivalent to the i.v. and intraduodenal routes (60) . In humans, the pharmacodynamic profile of NAL intranasal administration has been investigated with different doses ranging from 0.5 to 2 mg (61) . Today, the common dose used for NAL nasal spray in prehospital settings with heroin overdose is 2 mg (58, 62) . Although increasing evidence points toward nasal spray as a reliable delivery route, no studies have investigated the effect of NAL on social behaviors in humans or nonhuman primates following intranasal administration. Therefore, to determine the optimal dosage of NAL for eliciting social effects, we completed a preliminary dose-response study of intranasal NAL (N7758; Sigma) administration in three animals (two male and one female adult rhesus monkeys) during the free-viewing task. On the day of the experiment, monkeys were transported in a primate chair from the colony room to the experimental room. After restraining their heads, doses of 0.5 mg, 1 mg, or 2 mg of NAL or sterile SAL were administered with a nebulizer in a 2-mL volume of sterile SAL. Behavioral testing began 30 min after each treatment and lasted for about 150 min. Monkeys first acquired and held a central fixation point for 150 ms, followed by freely viewing images for 15 s. During the 15-s period, monkeys were free to explore, or not explore, each face presented while an infrared eye-tracking camera continuously recorded their eye positions (Eyelink; SR Research). At the end of the 15-s presentation, a juice reward (0.3 mL) was delivered, regardless of the gaze pattern of the subject (Fig.  S1C ). Images were presented randomly, and monkeys saw an average of 132 ± 19 images per day. Each daily session used a different stimulus set. Each stimulus set contained 96 unique human and monkey faces (48 images each).
Statistical Analysis.
NAL dose-response curve. Although a recent paper has suggested that the opioid blocker naltrexone alters the processing of social and emotional stimuli in healthy subjects (63) , no studies to date have provided a dose-response curve for the impact of intranasal NAL on social attention in either humans or nonhuman primates. We first conducted an independent pharmacology experiment to determine the optimal dose of NAL for directing attention to the face and eyes of conspecifics (1 mg) before the main testing sessions (as discussed above and shown in Figs. S1C and S2). For OT (O3251; Sigma), we chose the conventional dose of 24 IU used in both humans and nonhuman primates (34, 64) . This dose, administered intranasally, has been shown in nonhuman primates to increase OT levels in cerebrospinal fluid significantly (54) and to modulate social behavior (65) , as well as to affect brain activity (66) and phasic activity of the parasympathetic nervous system (67) in humans. Fixation frequencies to the whole picture, as well as to the defined eye region, were obtained for each monkey for SAL, 0.5 mg of NAL, 1 mg of NAL, and 2 mg of NAL. Fixations to the face and eye regions were normalized for each of the three conditions by the SAL baseline for each animal. These normalized values were compared for fixations to the face and then for fixation to the eyes using ANOVA (with dose and image category as factors) and subsequent multiple comparison tests (Tukey-Kramer post hoc tests). Data visualization using heat maps. Fixation coordinates to the faces of conspecific monkeys were determined using the correction procedure described previously (32) . Heat maps were then plotted for each session based on fixations specifically to the face of the conspecific using the EyeMMV toolbox in MATLAB. Heat maps were based on the average number of fixations, measuring values within the SAL, NAL, OT, and OTNAL conditions to values ranging from less than 25 to greater than 250 fixations. Image dimensions were defined as 340 × 340 arbitrary units to align to the fixation data and binned at 20-unit intervals. Smoothing was accomplished using a Gaussian filter function in MATLAB. Fixations to the face of the conspecific were then averaged for all monkeys in a given condition and overlaid on a representative image of the face of one particular monkey. Difference heat maps were produced by comparing OTNAL over the SAL baseline (binned from less than −30 to greater than 60 fixation difference) as well as OTNAL over the added effects of the separate OT and NAL conditions (binned from less than −15 to greater than 30 fixation difference).
SI Results
NAL Dose-Response Curve. When the three doses of NAL were investigated for fixations to faces, an inverted U-shaped curve was observed, such that maximal effects clearly occurred following the 1-mg dose [ Fig. S2A ; F(2,552) = 19.2, P < 0.001 for main effect of doses, P < 0.001 for 1 mg over 2 mg, P < 0.001 for 1 mg over 0.5 mg, P = 0.651 for 0.5 mg over 2 mg, ANOVA with TukeyKramer post hoc tests]. When we examined fixations to the eyes, we found that monkeys overall preferred to look at conspecific eyes compared with human eyes [ Fig. S2B ; F(1,546) = 8.9, P = 0.003 for main effect of images], and the maximal effect again clearly occurred following the 1-mg dose [ Fig. S2B ; F(2,546) = 13.6, P < 0.001 for main effect of doses, P < 0.001 for 1 mg over 2 mg, P < 0.001 for 1 mg over 0.5 mg, P = 0.762 for 0.5 mg over 2 mg, ANOVA with Tukey-Kramer post hoc tests]. NAL administered nasally at the 1-mg dose was used subsequently for the remainder of the study.
Drug Effects on Fixation Duration Across All of the Behavioral
Sessions. Although we noted a robust increase in the number of fixations to the face and eyes in the OTNAL condition across all of the behavioral sessions, it is also important to examine and confirm whether this increase in the number fixations may have been associated with a concurrent decrease in the duration of each individual fixation. To address this concern, we calculated the average duration of individual fixations for each individual pair of monkeys and compared the effects of drug conditions normalized to the SAL condition. For both the face and the eyes, we found no significant modulation of fixation duration for any drug condition relative to SAL [Fig. S3A , face: F(3,76) = 1.1, P = 0.364 for main effect, all P > 0.410 for individual comparisons; Fig. S3B , eyes: F(3,76) = 0.84, P = 0.474 for main effect, all P > 0.399 for individual comparisons, one-way ANOVA with Tukey-Kramer post hoc tests]. Thus, the effects of drug condition observed across all of the behavioral sessions appeared to be solely driven by modulations in the number of fixations.
Sex Differences. The number of macaques used in this study (three males and two females) is underpowered to explore potential sex differences fully. However, we separated monkeys based on sex and reanalyzed the data with both drug effect and the sex of the subject included as factors of interest for all of our positive results, including the increase in gaze to the face and eyes across all of the behavioral sessions, as well as increased attention to the conspecific following mutual eye contact and mutual reward. When analyzing the number of fixations to the face and eyes of a conspecific across all of the behavioral sessions, no significant effect of sex was found between animals within the SAL condition [face: 46.4 ± 8.1 fixations for males, 36.4 ± 10.1 fixations for females, t(18) = 0.78, P = 0.447; eyes: 17.4 ± 4.3 fixations for males, 9.5 ± 3.2 fixations for females, t(18) = 1.35, P = 0.193, two-sample t test]. We noted a significant main effect of drug condition but no significant main effect of sex or an interaction between these two factors [ Fig. S6 A and B; face: main effect of drug F(3,72) = 5.6, P = 0.002; main effect of sex F(1,72) = 0.17, P = 0.679; interaction between drug and sex F(3,72) = 0.91, P = 0.442; eyes: main effect of drug F(3,72) = 5.3, P = 0.002; main effect of sex F(1,72) = 1.03, P = 0.314; interaction between drug and sex F(3,72) = 0.62, P = 0.603, two-way ANOVA with drug condition and sex as factors]. When analyzing gaze to the conspecific following mutual eye contact and mutual reward, again, no significant effect of sex was found between animals within the SAL condition [mutual eye contact: 0.097 ± 0.030 proportion of looking for males, 0.036 ± 0.015 proportion of looking for females, t(18) = 1.19, P = 0.249; mutual reward: 0.445 ± 0.081 proportion of looking for males, 0.506 ± 0.056 proportion of looking for females, t(18) = 0.41, P = 0.686, two-sample t test] (also no differences in baseline gaze dynamics between males and females with a larger sample size as reported in ref. 32 ). We noted a significant main effect of drug condition, but no significant main effect of sex or an interaction between these two factors [ Fig. S6 C and D; mutual eye contact: main effect of drug F(2,54) = 11.2, P < 0.0001; main effect of sex F(1,54) = 0.82, P = 0.368; interaction between drug and sex F(2,54) = 0.0004, P = 0.989; mutual reward: main effect of drug F(2,54) = 11.9, P < 0.0001; main effect of sex F(1,54) = 0.005, P = 0.816; interaction between drug and sex F(2,54) = 0.006, P = 0.942, two-way ANOVA with drug condition and sex as factors]. Together, these results show that within our limited sample size, drug effects are observed indistinguishably across both sexes.
SI Discussion
With respect to OT and NAL administered alone, there are several studies to document the safety of applying these agents for therapeutic means. MacDonald et al. (68) conducted a systematic review of 38 randomized, controlled trials conducted between 1990 and 2010 investigating the safety, side effects, and subjective reactions to intranasal OT in humans. These authors reported that intranasal OT produces no detectable subjective changes in recipients and no reliable side effects, and that it is not associated with adverse outcomes when delivered in doses of 18-40 IU for short-term use in controlled research settings. NAL and naltrexone are potent, safe, and long-lasting opioid antagonists with minimal side effects. For example, naltrexone, although less selective to the μ-opioid receptor than NAL, has been used successfully to decrease self-injurious behavior, stereotypies, hyperactivity, and withdrawal while increasing verbal production and attentiveness (69, 70) .
With regard to pharmacological administration, both OT and NAL are approved by the US Food and Drug Administration for intranasal delivery at our doses and are considered to have a low risk of side effects, which generally involve dizziness, flushing, weakness, nausea, and body aches. This route of administration has been validated for both OT (6, 71) and NAL (72) (73) (74) in previous human studies and could serve to minimize potential participant discomfort. OT has been used safely with chronic administration in recent clinical trials (5), and NAL has also been used safely with chronic administration in marketed therapies for opioid dependence (Suboxone; Reckitt Benckiser) (intranasal NAL at a dose at least twofold higher than the dose used in the current study is a highly common and preferred method for reversing opioid overdose). Kerr et al. (62) compared the safety and effectiveness of NAL (2 mg/mL) given via the intranasal versus i.m. route in a randomized, controlled trial. A total of 172 patients suspected of heroin overdose were treated by emergency medical personnel and enrolled into the study: 83 patients received 1 mg per 0.5 mL into each nostril (2 mg total), and 89 patients received 2 mg/mL via the i.m. route. The adverse events seen were similar between the two groups; they were generally mild in nature and included agitation, nausea, and vomiting. Based on qualitative observations by several laboratory staff members, we observed no noticeable side effects of intranasal OTNAL, OT, or NAL in both laboratory and colony settings. However, more quantitative measurements (e.g., heart rate, blood pressure) should be measured in the future to document the safety of these administrations carefully. Fig. S1 . Experimental designs. (A) Illustration of the live gaze interaction task used for examining social attention and its dynamics following mutual eye contact. The gaze positions of both monkeys in a given pair were recorded simultaneously and continuously. (B) Illustration of the mutual reward task used to examine the impact of context in social attention dynamics. This task setup was identical to the live gaze interaction task but included a tone that predicted mutual juice rewards or no juice rewards to both monkeys at equal probabilities after 1.5 s. The intertone interval between the tones was jittered from 4 to 16 s. (C) Illustration of the free-viewing task used to obtain an intranasal NAL dose-response curve. After fixating their gaze at the central target, monkeys viewed images for 15 s, followed by a reward in the form of a drop of juice. S4 . Attention to the mouth following mutually interactive events in the live gaze interaction task is not modulated by drug condition. Peristimulus time histograms (PSTHs) show the proportions of looking at the mouth following mutual eye contact (A) and looking at the mouth following mutual gaze to the mouth of the conspecific (B) in the SAL (green), OT (blue), NAL (red), and OTNAL (purple) conditions. No 10-ms time bin for any drug condition was significantly higher than for SAL (all P > 0.05, paired-sample t tests). Fig. S5 . Gaze dynamics following mutual reward receipt are driven by the mouth region of the conspecific. (A) PSTH shows the proportion of looking at the mouth following the tone predicting mutual reward receipt in the SAL (green), OT (blue), NAL (red), and OTNAL (purple) conditions. Reward occurred simultaneously for both monkeys 1.5 s after the tone. Horizontal marks indicate 10-ms time bins with significant differences (P < 0.05, OT over SAL, blue; P < 0.05, OTNAL over SAL, purple; P < 0.01, yellow; paired-sample t tests). (B) PSTH shows the proportion of looking at the mouth aligned to tones that did not result in reward to either monkey (same format as in A). No 10-ms time bin for any drug condition was significantly higher than for SAL (all P > 0.05, pairedsample t tests). (C) Effects size of OTNAL versus the summed effect size of OT and NAL alone for 1.5-3.5 s after mutual eye contact. (D and E) Same format as in A and B. A PSTH shows the proportion of looking at the eyes following a tone predicting mutual reward (D), and a PSTH shows the proportion of looking at the eyes aligned to tones that did not result in reward to either monkey (E). No 10-ms time bin for any drug condition was significantly higher than for SAL (all P > 0.05, paired-sample t tests). F(1,3) = 13.25, P = 0.036 for main effect, P < 0.001 for μ over δ, P < 0.001 for κ over δ, P = 0.654 for μ over κ; one-way within-subjects ANOVA with BenjaminiHochberg-corrected post hoc tests; lateral hypothalamic area (LHA) F(1,3) = 22.68, P = 0.018 for main effect, P < 0.001 for μ over δ, P < 0.001 for κ over δ, P = 0.096 for μ over κ; perifornical nucleus (PeF): F(1,3) = 36.82, P = 0.009 for main effect, P = 0.034 for μ over δ, P = 0.034 for κ over δ, P = 0.691 for μ over κ; ventral hypothalamic area (VMH) F(1,4) = 18.30, P = 0.013 for main effect, P < 0.001 for μ over δ, P < 0.001 for κ over δ, P = 0.003 for κ over μ; lateral hypothalamic area (LHM): F(1,5) = 13.26, P = 0.015 for main effect, P = 0.004 for μ over δ, P = 0.004 for κ over δ, P = 0.999 for μ over κ; posterior hypothalamic area (PHA): F(1,5) = 14.05, P = 0.013 for main effect, P < 0.001 for μ over δ, P < 0.001 for κ over δ, P = 0.686 for μ over κ; preoptic region (PrOR): F(1,5) = 25.32, P = 0.004 for main effect, P < 0.001 for μ over δ, P < 0.001 for κ over δ, P = 0.141 for μ over κ. *P < 0.05, **P < 0.01, ***P < 0.001. "Structure category" refers to the anatomical ontological category of each tissue sample, which was derived from annotations in the Allen Institute data and is displayed in Fig. 4A . "Structure name" and "Structure acronym" refer to the anatomical name and abbreviation of each tissue sample as it appears in the Allen Institute data. "HEX" provides the hexadecimal color code of each structure category as it appears in Fig. 4A . cos, collateral sulcus; its, inferior temporal sulcus; mts, middle temporal sulcus.
